Through optimization of the Cu spacer thickness, we demonstrate magnetoresistance ͑MR͒ up to 5% in FePtCu/CoFe/Cu/CoFe/NiFe pseudo spin valves based on L1 0 ͑111͒ FePtCu fixed layers with a tilted magnetization. We find an optimum spacer thickness of about 2.4 nm which correlates with a clear onset of strong interlayer exchange coupling below 2.4 nm and spin-independent current shunting in the spacer above 2.4 nm. We argue that yet higher MR should be possible through further reduction in the interlayer exchange coupling.
I. INTRODUCTION
Interest in magnetic thin films with tilted magnetization increased tremendously with the suggestion of tilted magnetic recording in 2002. [1] [2] [3] [4] While actual commercial applications of tilted magnetic recording media have not materialized, renewed interest in these materials has emerged for potential use in spintronic devices such as spin torque magnetoresistive random access memory ͑ST-MRAM͒ ͑Ref. 5͒ and spin torque oscillators ͑STOs͒. 6 The use of materials with tilted magnetization has been suggested to reduce the switching time in ST-MRAM 7, 8 and to promote zero field STO operation in so-called tilted polarizer STOs. 9, 10 The prerequisite for any such spin torque device is the realization of a high magnetoresistance ͑MR͒ using a tilted fixed layer magnetization. While the reported MR of FePt/Cu/NiFe spin valves based on L1 0 ͑111͒-oriented FePt fixed layers remains well below 1%, 11 we have recently demonstrated up to 4% MR in FePt/CoFe/Cu/CoFe/NiFe pseudo spin valves, thanks to reduced roughness and the use of thin layers of CoFe at both Cu interfaces, which dramatically enhances the spin polarization. 12 In this paper, we study the dependence of MR on the Cu spacer thickness. In contrast to our previous work we use ͑Fe 53 Pt 47 ͒ 85 Cu 15 ͑FePtCu͒ as our tilted magnetization material to achieve a higher degree of L1 0 ordering at moderate deposition temperatures. Through optimization of the spacer thickness, we are able to further increase MR to about 5%. More importantly we demonstrate the existence of an optimum Cu spacer thickness of about 2.4 nm, which correlates with the onset of strong interlayer exchange coupling ͑IEC͒ between the fixed and the free layers and leads to a precipitous drop in MR below this thickness. These results suggest that the maximum MR is fundamentally limited by the onset of IEC, which should hence be minimized for maximum MR. Above 2.4 nm, MR decreases due to spin-independent current shunting through the highly conductive Cu spacer. Since the thickness dependence of MR is very strong around the peak and arises due to the competition between two supposedly unrelated physical mechanisms, we argue that further significant improvement of MR should be possible by pushing the onset of IEC to lower spacer thickness.
II. EXPERIMENTS
All film stacks were deposited on thermally oxidized Si substrates using a magnetron sputtering system ͑ATC Orion-8͒ with base pressure of better than 5 ϫ 10 −8 Torr. L1 0 FePtCu alloy films were fabricated by cosputtering Fe, Pt, and Cu from elemental targets at nominal substrate temperatures of 300, 400, 500, 600, 700, 750, and 800°C and subsequently in situ annealed at the same nominal temperature for 10 min. Optimized Ta ͑6 nm͒/Pt ͑3 nm͒ bilayers ͑depos-ited at the same temperature as the FePtCu͒ were used as underlayers to reduce the roughness and improve the L1 0 ordering of the FePtCu layer. The composition ͑Fe 53 Pt 47 ͒ 85 Cu 15 was determined by energy dispersive x-ray spectrometry measurements and this composition was optimized to conciliate between chemical ordering temperature and magnetocrystalline anisotropy. 13 The complete pseudo spin valve stack with different Cu spacer layer thickness t Cu had the following structure: Ta͑6͒ / Pt͑3͒ / L1 0 FePtCu͑20͒ / Co 50 Fe 50 ͑1.5͒/Cu͑t Cu = 0.8-15͒/Co 50 Fe 50 ͑2͒/Ni 80 Fe 20 ͑3͒ ͑all thicknesses in nanometer͒. The underlayers and FePtCu were deposited at 700°C as a compromise between high anisotropy and reduced roughness. In contrast, the Cu spacer layer, the Ni 80 Fe 20 ͑NiFe͒ free layer, the Co 50 Fe 50 ͑CoFe͒ spin enhancing layers, and the Ta capping layer were all sputtered at room temperature to minimize interdiffusion. Magnetic properties were characterized using a Physical Property Measurement System ͑PPMS͒ equipped with a vi- brating sample magnetometry option with a maximum field of 90 kOe ͑Quantum Design Model 6000͒. Surface roughness was studied using atomic force microscopy ͑DI-3000͒ and crystallographic structures were investigated by x-ray diffraction ͑XRD͒ with Cu K␣ radiation in a symmetric scan geometry. Current-in-plane electron transport properties were characterized by a standard four-point tester with the current orthogonal to the magnetic field. Figure 1͑a͒ shows the structural properties of a series of single FePtCu films deposited at temperatures from 300 to 800°C ͑nominally͒. Increasing the deposition temperature shifts the ͑111͒ peak toward higher angle, suggesting that the chemical ordering of the L1 0 phase improves with temperature. The shift to angles greater than 41.08°͓i.e., the ͑111͒ peak position of fully ordered FePt ͑PDF No. 43-1359͔͒ is ascribed to the Cu dopant, which gives FePtCu a slightly smaller c lattice parameter. 13 Beyond 700°C, no further shift in the 2 position is observed, suggesting that 700°C is sufficient for complete L1 0 ordering of our FePtCu films. Meanwhile, we find that the mean grain size ͓estimated using the Scherrer formula applied to the ͑111͒ diffraction peak͔ quickly increases at relatively low temperature and saturates just below 20 nm, i.e., close to the nominal film thickness. Figure 1͑b͒ shows the corresponding magnetic properties and the surface roughness of the same series of FePtCu films. While films grown at the lowest temperature show a very small coercivity H C , it rapidly increases with increasing deposition temperature, reflecting the improved L1 0 ordering. Already for 400°C, the sample exhibits above 8 kOe in-plane coercivity, and as the deposition temperature is further increased, H C exhibits a broad maximum of close to 12 kOe at 600°C and decreases slightly above 700°C. The inset shows both in-plane and out-of-plane hysteresis loops of the FePtCu film grown at 700°C. Since this film is fully ordered and shows a strong ͑111͒ texture ͓as shown in the inset of Fig. 1͑a͔͒ , we expect its magnetocrystalline easy axis to lie out of plane, tilted ϳ36°, since the magnetocrystalline easy axis of L1 0 FePtCu is along the ͓001͔ direction. While the film exhibits both strong in-plane and out-of-plane coercivities of about 11.5 kOe, the in-plane remanent magnetization component and the loop squareness are both significantly larger than those of the out-of-plane hysteresis loop. This suggests that the magnetic easy axis is indeed closer to the film plane than the film normal, consistent with the expected 36°magnetocrystalline anisotropy direction of L1 0 ͑111͒ FePtCu. The root-mean-square ͑rms͒ roughness is also revealed as a function of deposition temperature. At 600°C and below, the films are quite smooth and then gradually roughen as the ordering improves at higher deposition temperatures. Interestingly, the roughening starts as the mean grain size reaches the entire thickness of the film, i.e., once the grains are as big as the film is thick, their continued growth mainly contributes to increase the surface roughness. As a compromise between complete L1 0 order, high coercivity, and low roughness, we hence chose 700°C as the deposition temperature for all pseudo spin valves fabricated and analyzed in this study.
III. RESULTS AND DISCUSSION
In Fig. 2 we show current-in-plane magnetoresistance ͑CIP-MR͒ hysteresis loops for eight pseudo spin valves where the Cu spacer is varied from 0.8 to 15 nm. Both the MR value and the overall shape of the hysteresis loops change significantly as a function of Cu thickness. In Fig. 3 , we plot MR versus Cu thickness for all nine pseudo spin valves in the study. For the thinnest spacer ͑0.8 nm͒ we observe about 2% MR, which rapidly increases with Cu spacer thickness to a maximum value of around 5% at t Cu = 2.4 nm, and then again decreases for thicker Cu spacer. We note that this thickness dependence is similar to what is observed in in-plane and out-of-plane spin valves [14] [15] [16] and pseudo spin valves. 17, 18 We also extract the overall sample resistance ͑R͒ in the parallel state taken from the value measured at Ϫ14 kOe applied field. As can be seen in the inset of Fig. 3 , R shows a monotonic decrease with Cu thickness, as expected, since the Cu spacer resistivity is much lower than that of any other material in the stack. Assuming that the overall resistance can be approximated by parallel conduction in each layer, we can fit the resistance data using R =1/ ͑A + Bt Cu ͒, where B is a parameter related to the conductivity of the Cu spacer and A is the total conductance of the other layers. The much greater conductance of the spacer effectively shunts away current from the interface regions where spin dependent scattering occurs. The spin dependent contribution to the total current hence decreases with increasing t Cu and essentially vanishes at t Cu = 15 nm. This shunting mechanism explains the thickness dependent CIP-MR at Cu thicknesses greater than 2.4 nm.
Turning now to the shape of the CIP-MR curves, we note in Fig. 2͑a͒ that at t Cu = 0.8 nm, the free layer and the fixed layer have essentially identical switching distribution widths, and the loop is also quite symmetric around the resistance maxima. However, as the Cu spacer thickness increases, the free layer switching distribution narrows significantly and its center shifts closer to zero field, while the switching distribution center of the fixed layer moves to slightly higher fields. This gradual change is more easily seen in Fig. 4͑a͒ , where we plot the switching distribution ͑dR / dH͒ of the free layer and the fixed layer for all samples in Fig. 2 . By limiting the plot to only positive dR / dH, we can observe the free layer switching distribution at positive fields and the fixed layer switching distribution at negative fields. The peaks in Fig. 4͑a͒ correspond to the switching distribution centers of each layer, and their locations are subsequently plotted versus t Cu in Fig. 4͑b͒ , together with the switching distribution at full width at half maximum ͑FWHM͒ of the free layer. While for t Cu = 2.4-7 nm, there is virtually no observable change in the hysteresis loop shape, strong IEC sets in below t Cu = 2.4 nm and pulls the free and fixed layer switching distributions closer together. At the same time, the switching distribution width of the free layer increases dramatically and has quadrupled at the thinnest Cu thickness.
Remarkably, the MR peak seen in Fig. 3 coincides with the onset of strong IEC at t Cu = 2.4 nm. 19 As the IEC develops, microscopic regions of the free layer couple ferromagnetically to the fixed layer, which increases the free layer coercivity and its switching distribution width. Meanwhile, the coupled regions effectively reduce the sample area over which a well defined antiparallel magnetization orientation can be realized, hence the strong correlation between MR and IEC. We hence conclude that IEC is not only strongly detrimental to the free layer switching properties, but also the dominant factor limiting MR in FePtCu based spin valves with tilted fixed layer magnetization. Such a microscopic mechanism has also been suggested to limit MR in perpendicularly polarized pseudo spin valves. 18 Reducing IEC is hence a priority to achieve the highest possible MR in these systems. Possible routes include the reduction in the interface roughness of the spacer layer, changing the spacer layer to a material with lower IEC, and/or tailoring of the magnetic layers to increase spin dependent scattering while keeping IEC to a minimum.
IV. CONCLUSION
In summary, we have presented a detailed study of the Cu spacer thickness dependence of CIP-MR and IEC in FePtCu based pseudo spin valves with a tilted fixed layer magnetization. Using fully ordered FePtCu and CoFe spin polarization enhancing layers, we find a maximum CIP-MR of close to 5% for a Cu thickness of 2.4 nm. We also demonstrate that strong IEC is the dominant factor reducing the maximum achievable MR and argue that future reduction in IEC should be able to further improve MR in this system. 
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